... Abstract. The impacts of background (or ambient) and local atmospheric thermal stabilities, and slope steepness. on nighttime thermally induced downslope flow in meso-(3 domains (i.e., 20-200 km horizontal extent) have been investigated using analytical and numerical model approaches. Good agreement between the analytical and numerical evaluations was found. It was concluded that: (i) as anticipated, the intensity of the downslope flow increases with increased slope steepness, although the depth of the downslope flow was found to be insensitive to slope steepness in the studied situations; (ii) the intensity of the downslope flow is generally independent of background atmospheric thermal stability; (iii) for given integrated nighttime cooling across the nocturnal boundary layer (NBL), Qs, the local atmospheric thermal stability exerts a strong influence on downslope flow behavior: the downslope flow intensity increases when local atmospheric thermal stability increases; and (iv) the downslope flow intensity is proportional to Q~/2.
.
Introduction
The characteristics of thermally induced nocturnal downslope flows, referred to as drainage or katabatic flows, have been investigated extensively since Prandtl's (1942) well known study of valley flows. However, the impact of background atmospheric thermal stability (i.e., the atmospheric thermal stability around sunset; defined as 130 = d8oidz, where 80 is the background potential temperature) and local atmospheric thermal stability (defined as 'Y = d 8/dz, where 8 is the local atmospheric potential temperature) on nocturnal downslope flows along meso-f3 slopes has been given little attention due to a lack of suitable data. The background thermal stability following a synoptically unperturbed clear day is usually close to neutral. However, when the area is affected by a thermally stable air mass (e.g., as a result of an intense high pressure system with strong subsidence, or penetration of an arctic air mass to the mid-latitudes), the background thermal stability, 130, may deviate considerably from the neutral thermal stratification.
For short slopes, Ellison and Turner (1959) , and Manins and Sawford (1979a, b) indicated that downslope flow is strongly influenced by entrainment caused by turbulent mixing and convergence. The latter was supported by the Doran and Horst (1983) observational data analysis. Nappo and Rao (1987) devoted some attention to evaluating the impact of 130 on downslope flow, along very short 7R YE ET slopes, using a two-dimensional (2-D) numerical model. They found that only for short distances from the slope crest «:: 1000 m) did the background atmospheric thermal stability, {30, profoundly affect the flow structure by modifying its depth and speed. Additionally, they showed that as the thermal stratification increases, the flow approaches the one-dimensional case in a shorter distance from the crest, and that as this case was reached, the entrainment vanished.
The role of background and local atmospheric thermal stability upon thermally induced meso-{:J scale downslope flows requires additional clarification. Resolution of this problem is needed since the characteristics of these flows have importance in environmental problems as well as in weather forecasting
It is the purpose of the present study to provide an additional exploration of the impact of {30 and 'Y on the development of downslope flows utilizing analytical and numerical modeling approaches. The evaluations in the present study assume a negligible synoptic flow, in order to isolate that impact. Slope lengths on the order of 100 km, which are typical of large meso-{:J domains, are considered. The analytical approach (Section 2) includes several refinements to improve the solutions obtained in previous analytical modeling studies. The numerical model (Section 3) provides simulated fields for evaluating the analytical results.
Analytical Methodology
In this section, the mathematical formulation associated with the analytical model evaluations is described. This involves some refinements designed to improve the realism of the major physical processes related to downslope flows. Special emphasis is given to the scaling of the eddy exchange coefficient. Since the buoyancy force across the nocturnal boundary layer (NBL) is the major physical forcing of the nocturnal downslope flow, the impact of f3o and the local atmospheric thermal stabililty, "1, (i.e., the one forced by local diabatic cooling) on downslope flow is studied while assuming that the buoyancy force across the NBL remains unchanged. 
+ where z is the vertical coordinate perpendicular to the slope, u' is the slope flow intensity (positive in the downslope direction), (J' is the departure of potential temperature (J above the slope from the ambient potential temperature, (Jo, at the TMOSPHERIC  THERMAL  STABILITY  AND NOCTURNAL  DOWNSLOPE  FLOWS same level, a is the slope inclination angle, Hs = -K iJ8' /iJz is the vertical turbulent flux of heat, p is the density of the air, and cp is the specific heat of air at constant pressure, RN = R t -R t is the net long-wave radiative (L WR) flux. Here R t and R t are the upward and downward L WR fluxes, respectively, where RN is known to be a complex function of atmospheric temperature, water vapor and aerosol content, and soil components (e.g., soil wetness, soil type) which determine the atmospheric and ground surface emissivities and irradiance characteristics.
The presence of nonlinear terms involved with the evaluation of the L WR flux divergence prevents a simplified analytical solution for Equation (1); some authors have even neglected the L WR flux divergence term (e.g., Rao and Snodgrass, 1981; Kondo, 1984) . However, in order to overcome this limitation, a diagnostic equation of 8 can be established which is based upon observational data for 8, and so, indirectly, includes the contributions from long-wave radiative flux divergence terms to 8. The profile form of 8 (see illustration in Figure 1 ) is given by
where g= z/h is a nondimensional height related to the depth of the NBL, h; (Jh is the potential temperature at g = 1; and ~(J = (Jh -(Js (defining the surface inversion intensity), where (Js is the value of (J at the surface. The functional relation j(g) is assumed to be given by: and the local atmospheric thermal stability is, therefore,
The value of n is apparently strongly dependent on the relative contributions of radiative and turbulent cooling across the NBL as discussed by Andre and Mahrt (1982) and more recently by Garratt and Ryan (1989) . The NBL observational and numerical model results over flat terrain show that potential temperature profiles of significant positive curvature (i.e., convex to the surface; n> 1) (e.g., Andre and Mahrt, 1982) occur when radiative cooling within the NBL dominates (e.g., the Wangara conditions). Yamada (1979) presented an empirical expression for f(g), giving n = 3 based on the Wangara data analysis. In Dickerson (1980) , a potential temperature profile presented for the PDC-l site at Cobb Mountain, California, as well as numerical modeling results, suggested that the basic function f(g) would have to be cubic. In contrast, profile forms of fJ when turbulent cooling dominates (observations and model results) have significant negative profile curvature (i.e., concave to the surface) with n -0.5 (Andre and Mahrt, 1982; Garratt and Ryan, 1989) . For slope flows, Yasuda et at. (1986) presented fJ profiles with a linear increase with height (i.e., with n = 1) observed in a V-shaped valley in Japan. In these cases, the relative contributions by turbulent and net radiative divergence cooling to the total nocturnal cooling within the NBL are assumed to be approximately equal. Equation (2c) indicates that with n> 1, the magnitude of 'Y decreases with increasing height, and with n < 1, it increases, i.e., radiative cooling acts to reduce the magnitude of 'Y in the upper part of the NBL (as presented by Andre and Mahrt, 1982) and turbulent heat exchange tends to decrease it in the lower part of the NBL.
In the present study, the departure of fJ from ambient potential temperature as a result of nocturnal cooling (fJ', see illustration in Figure 1 ) is approximated by:
Equation (3) defines the relationship between fJ', dfJ, and {30.
Defining Qs as the integrated nocturnal cooling within the NBL:
I 0 I 0 then, from a physical point of view, Qs quantifies the loss of thermal energy within the NBL by L WR flux divergence and turbulent sensible heat flux divergence. Rearranging Equation (4), i1fJ can be expressed as:
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where Ko is a constant with units in m1/2 K-1/2 S-1 (see the Appendix for details and its definition).
The solution of Equation (7) using K as defined by Equation (8), and assuming the boundary conditions u' = 0 at ~=O, 1 [i.e., assuming that, as a first approximation, the NBL depths as determined from both the downslope flow profile and the potential temperature profile are equal (e.g., Table 2 , Yasuda et al., 1986)] is:
where 11 = n1/2{~
[1 -(1 _I;)n+l] -(n + 2) Equation (9a) suggests that, (a) u' is proportional to Q;/2; and (b) u' is proportional to sin a when the value of n is kept unchanged. However, as u' increases with steepness, the sensible heat flux and turbulent exchange coefficient increase too, resulting in some decrease in the value of n. Thus, u' should deviate somewhat from the linear dependence on sin a (as supported by the numerical result in Section 3.2), unless the value of n is appropriately adjusted. From Equation (Sa), the surface inversion intensity, ~(J, increases with increasing values of nand Qs. As discussed above, the downslope flow is proportional to Q;/2; thus, the downslope flow is proportional to (~(J)1/2 for the same value of n.
The dependence of the downslope flow intensity, u', on the local atmospheric stability index, n, as indicated by 1], is illustrated in Figure 2a . The figure suggests that for the same values of Qs, sin a, and Ko, when n increases (which implies an increase of 1; see Equation 2c; however, it is assumed that cases with n> 1 reflect fairly extreme situations, as the slope steepness increases), the value of 1] and correspondingly the value of u' increase and the height of the maximum value of 1] decreases. As discussed in sub-section (2.1), when the value of n increases, the contribution of the L WR flux divergence to nocturnal cooling within the NBL increases; when the value of n decreases, the contribution of sensible heat flux divergence to Qs increases. Therefore Figure 2a indicates that for a fixed value of Qs, stronger downslope flow will result from an increase in the contribution of L WR flux divergence to Qs. Figure 2b illustrates the impact of variation in n on the profile of (J -(Jh, and indicates that for the same values of Qs and /30, the surface inversion intensity and the value of (J' near the surface increases with increasing n. Therefore, the relation between u' and n can be explained as follows :   ATMOSPHERIC   THERMAL  STABILITY  AND NOCTURNAL  DOWNSLOPE  FLOWS for fixed Qs, when the index n increases, according to Equation (Sa), the nocturnal surface inversion intensity (d8) increases. Also the perturbation potential temperature, 8', increases in the lower part of NBL as expressed by Equation (6b) and indicated by Figure 2b . Therefore, the buoyancy force as expressed by the second term in Equation (7) increases in the lower part of the NBL. On the other hand, the value of the eddy exchange coefficient decreases with increasing n as indicated by Equation (8), since the value of 'Y tends then to be greater [see Equation (2c)]. The more stable atmosphere corresponds to smaller eddy exchange coefficients. Based on Equation (7), and the aforementioned features, increasing n results in larger values of au'lag in order to increase the turbulent friction force needed to balance the increased buoyancy force. In order to isolate the effect of f:Jo on u', using equations (Sb) and (6a), equations (9a, b) were rewritten as:
3. The dependence of 7/*/1* (m K-l) on n and ~, based on Equation (lOb, c).
As implied by Equations (5b), (6a), and (10c), except for extremely weak NBL cooling (i.e., very small Qs values), "y*="y. The factor 1]*(I3oI"Y*) in Equation (lOa) indicates the relative importance of "y and /30 on the downslope flow speed, uf. It is evident from Equation (lOa) that when (1]*/"Y*)/30 ~ 1, the impact of /30 on u' is negligible. Figure 3 .25 when n > 3 and ~> 0.5. However, even in these situations the impact of /30 on u' would seem to be insignificant. In conclusion, Equations (9a-b) and Equations (10a-c) suggest that the thermally induced downslope flow is independent of the initial background atmospheric thermal stability, /30. However, the flow is influenced by the local atmospheric thermal stability, "y, within the NBL which evolves along with the downslope flow. Increasing "y by increasing the values of nand/or Qs based on Equation (6a), results in an increase of the downslope flow intensity. The non-dimensional height at which the downslope flow reaches its maximum value decreases when increasing the value of the stratification index n.
Numerical Model Simulations
In order to assess the analytical results, a set of numerical model simulations (seeTable I for their general description) designed to evaluate the impact of {3o, and the local atmospheric stratification, on the thermally induced downslope flow at night for steady and unsteady conditions were carried out. A 2-D hydrostatic primitive equation numerical model was used, where its formulation is given in THERMAL STABILITY AND NOCTURNAL DOWNSLOPE FLOWS detail in Pielke (1974) , Pielke (1977), and Pielke (1981) and is not repeated here. The vertical domain of the model ranges from the surface to 15 km (the model levels for potential temperature and specific humidity, and related initial values below z = 1750 m, are given in Table II ). The simulated domain extends horizontally for 240 km, consisting of.a flat-slope-plateau terrain configuration (the slope area extended horizontally for 100 km), and with a horizontal grid interval of 5 km. The model input parameters are given in Table III . The numerical model used in the present study was applied successfully to simulate slope flows in case studies (e.g., Pielke (1981,1984) ; Segal et af. (1982) , among others). Since the slope is long enough, the contribution of the non-linear terms and entrainment effects should be relatively small along most of the slope. In the present study, the numerical model was applied in two modes: steady and unsteady state. In the steady mode, a prescribed potential temperature, £J, profile was used, which is kept unchanged while integrating the model to steady state. Using this approach, enables the introduction of potential temperature profiles based on Equation (6b), and a straightforward comparison of the numerically simulated flow with the flow computed by the analytical approach. The numerical model provides a close duplication of the analytical model, yet includes considerably more detailed physical processes. Thus, the comparison enables an evaluation of the solutions obtained by the analytical model. In addition, unsteady model similations were carried out, and an essentially steady state was reached after several hours of integration.
STEADY STATE 2-D SIMULATIONS
In the steady state 2-D simulations (see Case 1; Table I ), moderate values of NBL height h, and the total cooling in the NBL, Qs (as defined by Equation 4), were prescribed as follows: h = 125 m and Qs = 252 m K. Based on these values and Equation (6b), the potential temperature perturbation ()' was computed using n =1 and 3, and f3o = 1 and 10 K km-1, replacing the model prediction equation for ()'. With this prescribed ()', the model was integrated until nearly steady state downslope flow was established.
Case 1 was designed to illustrate the impact of a change of f3o over a wide range from a background atmospheric thermal stability of nearly neutral (f30 = 1 K km -1)to f3o representing a very stable condition ({30 = 10 K km-1) in order to simulate the possible impact of f3o on downslope flow. The computed results shown in Figure 4a indicate that the downslope wind profiles computed for both stabilities and for n = 1 and 3, respectively, are nearly the same. The depth of downslope flow seems independent of /30 for the chosen values of n. These results for the steady 2-D numerical simulations are in agreement with those for the analytical solution (as was implied by Figure 3) . Therefore, the results from the simulations in Case 1 provide further evidence to support the conclusion that the downslope flow is generally insensitive to /30 (as will be shown in subsection 3.2 ( Figure 5 ), this condition is closely fulfilled also in the unsteady simulations). It should be emphasized that this conclusion drawn from Case 1 assumes that the integrated cooling within the NBL retains the same value, as the value of 130 is changed. As discussed in Section 2, the value of the local atmospheric thermal stability, 'Y, can be changed by changing values of n, h, or Qs: the value of 'Y increases by increasing the values of nand/or Qs and decreasing h, leading to an increase in the downslope flow intensity. However, our emphasis is in evaluating the impact of 'Y on downslope flow structure under the condition that Qs is fixed. Case 1 was also designed to investigate the impact of 'Y as expressed through different values of n on downslope flow intensity under the constraint that Qs, /30, and a were kept unchanged. The downslope wind intensity (see Figure 4a) forced by the same Qs, is dependent on the values of n, as illustrated by changing the value of n from n = 1 to n = 3. Both the surface inversion intensity and the downslope wind speed in the lower parts of the NBL increase with n; where the maximum downslope wind speed for n = 3 is about 1.9 times as large as that for n = 1 for both values of /30. However, in the upper part of the NBL, the downslope wind intensity for n = 1 and 3 shows less pronounced differences. Tpe reason for these profile features is that the potential temperature perturbation with n = 3 is larger (and consequently the buoyancy force is also larger) in the lower parts of NBL than that with n = 1 (see Figure 4b) . Additionally, since the value of 'Y with n = 3 is larger than that corresponding to n = 1, the turbulent friction for n = 3 is smaller than that with n = 1. As a result, the buoyancy force increases and the eddy exchange coefficient decreases with an increase in the value of n, resulting in an increase of downslope flow intensity. In the upper part of the NBL, the situation is reversed.
In conclusion, the results gained from the 2-D steady-state simulations suggest that the downslope flow forced by the same integrated buoyancy force is almost independent of the value of /30, but the flow is profoundly affected by 'Y. The maximum downslope flow intensity increases as the value of n is increased.
UNSTEADY 2-D MODEL SIMULATIONS
In the previous subsection, the investigation of the impact of f3o and n on the thermally induced downslope flow intensity concentrated on the steady-state condition. In the following time dependent integrations (i.e., involved with a prediction equation for fJ'), model simulations through the nocturnal period are considered. Simulation results are compared against those obtained from the analytical solution and the numerical simulations under the steady-state constraint. z Case 2 was designed to investigate the sensitivity of thermally induced downslope flow to the value of 130, using two extreme stabilities (/30 = 1 K km-l and 130 = 10 K km-l) for illustration. Case 2 was also designed to provide additional information on the effect of slope steepness. Figure 5 represents the impact of 130 on severa) quantities in the middle of the slope for several plateau heights: H=250m; a=0.14° (Figure Sa-b) , H=500m; a = 0.280 (Figure 5c-d) and H = 1 km; a = 0.570 (Figure 5e-f) . The time dependence of the following quantities is considered: the maximum downslope wind u:Uax; surface air temperature at z = 3.5 m above ground 8(1); the sensible heat flux difference across the NBL, (bottom-top) ~Hs; net long-wave radiative flux difference across the NBL, ~L WR, and the related integrated buoyancy force, Q}/2 within the NBL. The depth of the NBL was considered to be the same as that of the downslope flow layer. The results indicate that the downslope flow reaches a quasi-steady state about 6 h following sunset.
The maximum downslope wind speed decreased slightly while increasing 130 from 1 K km-1 to 10 K km-l. The difference of u:uax values between 130 = 1 K km-1 and 10 K km-1 was relatively larger during the downslope flow developing stage (i.e., in the first 6 h of the simulations) than during the quasi-steady conditions. The maximum downslope winds for /30 = 10 K km-1 were about 0.8 to 0.9 times as strong as that for 130 = 1 K km-l during the quasi-steady state. It is evident from Figure 5 that Q}/2 (where values of Qs are computed from Equation (4) using the simulated 8 values) were only slightly smaller for /30 = 10 K km-1 than those for 130 = 1 K km-1. It is suggested that the s~ller decrease in u:Uax corresponds to a reduction in Q}/2 with an increase in 130.
With regards to the slope steepness effect, as anticipated, the downslope wind increases with increasing slope steepness. The values of Q}/2 and ~L WR show little sensitivity to the change in slope steepness. The values of ~Hs (which are equal to the surface sensible heat flux), however, increase significantly with increasing slope. Since the value of Qs consists of ~L WR, ~Hs, and the total heat advection within the NBL, it is suggested that the increased sensible heat flux caused by increased downslope flow intensity is balanced by an increase in the downslope temperature advection flux. Figure 5 indicates also that doubling of slope steepness from a = ().14° to a = 0.280 and from a = 0.280 to a = 0.570 produces a corresponding u:Uax increase by 1.43 times and 1.75 times, respectively. However, the values of Q}/2 are insensitive to the variation in a. It is suggested that the simulated values of u:Uax are closely proportional to (sin a)1/2. This result suggests that the value of n, which defines the slope of the potential temperature profile, should decrease as steepness increases, which is supported by Figure 5 ;' when a increases, AL WR is nearly unchanged while ~H, increases significantly. This explains why the downslope flow intensity deviates from the proportionality to sin a as suggested by Equation (9a). In addition, it suggests that, for a dry shallow nocturnal downslope flow evolving over a slope of more than a few degrees inclination, the net radiation flux may be neglected. 
Figure 6 presents several downslope flow characteristics along the slope portion of the simulated domain at 0200 LST (when the flow is nearly steady, a = 0.28°). With Po = 1 K k.m-1, the vertical flow structure shows uniformity along most of the slope excluding the bottom and top sections (Figure 6a ). Similar horizontal uniformity is found also for u:nax (i.e., the maximum value of u' above a given grid point), .18(1) (the deviation of the potential temperature at the first model level (3.5 m) from the initial temperature), Q;/2, .1LWR and .1Hs. With /30 = 10 K km-1, similar qualitative features are found as with Po = 1 K km-1. The wind speed maximum values are almost unaffected (see Figures 6a and 6c) . The magnitude of .18(1) and .1Hs for Po = 10 K km-1 are nearly the same as for Po = 1 K km -1. However, the magnitude of .1L WR is reduced somewhat, resulting in the decrease in the depth of downslope flow. the profiles for {30 = 1 K km-l and 10 K km-1 are similar for the three plateau height situations. Thus, Figure 8 furthermore ~upports the analytical result that downslope flow is independent of {30 and that the downslope flow is proportional to Q}/2. Figure 8 shows that the depth of the layer which contains most of the downslope flow kinetic energy is not sensitive to the change in {30 (the result appears to be valid at least when the slope steepness is relatively small). This feature is in agreement with results obtained in Case 1 (Fig. 4a ).
In conclusion, when all the model input parameters are kept unchanged (except for (30), the simulated downslope flow characteristics such as sensible heat flux, the height of the NBL, net L WR flux divergence across the NBL, Qs, and downslope flow intensity, decrease only mildly with a significant increase of {30. The impact on downslope flow exerted by changing /30 can be summarized as follows: significantly increasing {30 leads to a weakly decreasing Qs, which consequently results in a small reduction of downslope flow. However, the value ofu:nax' Q;1/2 is essentially independent of /30.
Conclusions
The present study has investigated the impact of background atmospheric thermal stability (external to the NBL) and local atmospheric thermal stability (internal to the NBL), as well as slope steepness, on the nighttime thermally induced downslope flow (assuming negligible synoptic flow). Slope lengths of 20-200 km, which are typical of meso-f3 domains were considered. Analytical solutions were compared with results of numerical model simulations. The major conclusions of these evaluations are as follows: (i) The nighttime local atmospheric thermal stability is dependent on the amount of total cooling within the NBL, Qs, and the stratification index n. The value of n is determined by the relative contributions of sensible heat flux divergence and long-wave radiative flux divergence across the NBL. The local atmospheric thermal stability and surface inversion strength increase with increasing Qs and/or n. (ii) The nighttime thermally induced downslope flow for a given NBL total cooling is dependent on the local atmospheric thermal stability profile within the NBL (as reflected in this study by the stability index n). The downslope flow increases with increasing local atmospheric thermal stability (i.e., increasing n), or equivalently due to an increase in surface inversion strength. (iii) Thermally induced downslope flow as a function of a non-dimensional vertical coordinate is essentially independent of background atmospheric thermal stability, when other parameters remain unchanged. (iv) Selected numerical model simulations suggest that the intensity of downslope flow u', for low slope steepness, is proportional to (sin a)1/2. These simulations indicate a decrease in n (i.e., an increase of the relative contribution of turbulent sensible heat flux divergence, as contrasted with long-wave radiational cooling) with slope steepness. (v) Analytical and numerical model evaluations are in general agreement for the several cases simulated in the present study.
= 0 and ~= 1. Equation (A4) is similar to that given by Brost and Wyngaard (1978), viz., where h.18=tU2 with c = constant. Equation (A4) 
where u* = C Dl/2 U, CD being a drag coefficient dependent upon stability, and a = A' /[A(n + 1)CD]I/2. It is thus evident that Equation (A9) is of the same form as Equation (A4). Ko in Equation (8) 
